Self-assembly is a powerful strategy for the development of various intricate supramolecular architectures through non-covalent interactions. Non-covalent interactions can be utilized to produce tubular, vesicular, spherical, fibril, toroidal and helical morphologies. Amongst different types of morphologies, vesicles are of great interest due to their potential use in the drug encapsulation, drug delivery, and as nanoscale reaction vessels. These applications inspired chemists to develop various synthetic molecules that display vesicular self-assembly. This review presents recent examples of synthetic systems that show vesicular self-assembly.
Introduction
Supramolecular chemistry is the chemistry of non-covalent interactions that mostly deals with molecular self-assembly 1 and molecular recognition between host and guest.
2-4 The major intermolecular interactions responsible for the assembly are hydrogen bonds, metal coordination, hydrophobic, van der Waals, p-p and electrostatic.
5 Many vital biological processes are controlled by these intermolecular interactions, hence they are intensely investigated.
Design of molecules that can produce predictable supramolecular architecture is a challenge for a chemist.
6 The difficulty in predicting supramolecular assembly is due to the probability of a large number of possible non-covalent interactions. Therefore, scientists synthesize molecules and analyse their organization, in order to understand the logic of molecular assembly. Despite a broad range of molecular structures available, it still remains a formidable challenge to address the relationship between chemical structure and supramolecular assembly. In this context, self-assembly is a powerful strategy for the synthesis of nanomaterials of precise dimensions.
and stimuli responsive materials. 8, 9 This review presents recent advancements in supramolecular chemistry that deals with vesicles. Biological vesicles are majorly formed from the assembly of simple amphiphiles in water. 10 Therefore, investigation of properties of vesicular structures remained the main concern for the scientists of various disciplines due to its immediate resemblance to natural lipid membranes.
11 Amphiphiles, 12 (Fig. 1) .
Vesicles, in general, can be mono-lamellar, bi-lamellar or multi-lamellar; depending upon the number of layers they constitute. In the natural vesicles, amphiphilic building blocks form a bilayer arrangement in three dimensions. In polar solvents, the polar groups project outwards and expose to solvent due to solvophilic interactions. At the same time, the non-polar groups cluster together to form a bilayer. Phospholipids generally give rise to small uni-lamellar vesicles (SUV's) and giant uni-lamellar vesicles (GUV's) depending upon the size and 3D orientation of the molecular building blocks (Fig. 2) .
Giant vesicles are of micrometer dimensions and possess the attributes of biological membranes, hence it has been of intense interest in biological research.
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Preparation of vesicles is inspired by the synthetic procedures of liposomal preparation. As vesicles are metastable in solution, energy has to be infused into the bulk system to facilitate the self-assembly in solution. This energy is crucial for counteracting the unfavorable entropic factors associated with the self-assembling process. The energy required to obtain vesicles is usually provided by heat, stirring, ultrasonication, extrusion, freezing, drying or combinations of these. There are several unknown factors concerning the organization of molecules in the vesicular structure. Therefore, the prediction of the vesiculation process from novel molecules is a challenging endeavour for a chemist.
A remarkable development in the laboratory preparation of liposomes was outlined by Bangham and co-workers. 21 The authors reported the synthesis of multilamellar vesicles from lecithin. The vesicles were of the order of 440 nm. Though liposomes exemplify simplest vesicles, their applications are rather restricted due to the poor stability.
22 Therefore, the research directed to the design and syntheses of molecules that assemble to form vesicles is a challenging endeavour.
In this review, we discuss various examples of vesicle forming molecules.
Amphiphilic molecules
Non-covalent interactions between molecules are central to biological systems. Amphiphiles are major class of molecules that form vesicular assembly.
23 Amphiphiles orient themselves according to the nature of the solvent. The interactions between the amphiphiles minimize the surface energy and stabilization comes from solvophilic/solvophobic interactions. Amphiphilic molecules have an innate tendency to re-orient themselves to form a "head out" type arrangement in polar solvents, while maintaining a "tail-out" arrangement in non-polar solvents. Hence, the molecules arrange in a bilayer with cylindrical shape. Kunitake and co-workers, 10 Ringsdorf and co-workers, His research group at IIT Delhi is involved in the design and synthesis of dendrimers, and secondary structure mimetics. In addition to that the group is also working on various aspects of synthetic and bioorganic chemistry.
and Engberts and co-workers
24 have done pioneering work on vesicles from amphiphiles.
For the rst time, in 1977, Kunitake and co-workers reported a synthetic amphiphile A1 (Fig. 3) which formed bilayer vesicles. 25 They demonstrated the vesicle formation from aqueous solution of didodecyldimethylammonium bromide.
Tew and co-workers reported a novel class of amphiphilic triangular macrocycle A2 (Fig. 3) and their spontaneous assembly into vesicular structures. 26 The triangular molecule A2 self-assembled to spherical vesicles in water. The hollow interior was evident from atomic force microscopy (AFM) height images. Staining technique was also used for conrming the hollow interior. This is the rst example of a discotic liquid crystalline molecule forming vesicular assembly. Vesicles were also reported from linear oligo(phenylene vinylene) amphiphiles A3-A4 by Meijer and co-workers (Fig. 3) .
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Sánchez and co-workers synthesized rectangular amphiphile A5 (Fig. 4) and studied their self-assembling features. 28 The vesicular assembly of rectangular oligo(phenylene ethylene) amphiphile in a mixture of acetonitrile : water was demonstrated by transmission electron microscopy (TEM) and AFM. The authors observed the concentration dependent selfassembly of A5 into toroids and vesicles. The concentration dependent NMR and UV-Vis experiments demonstrated the involvement of non-covalent interactions in the association of amphiphiles.
Raghavan and co-workers reported a novel method for the synthesis of reverse vesicles in non-polar organic solvents such as cyclohexane and n-hexane. Vesicles were formed by the assembly of lecithin A6 and C4-lecithin A7 (Fig. 5 ) in oil and were of 60-250 nm in diameter. 29 The vesicles were characterized by ultramicroscopy and small-angle neutron scattering (SANS) studies. The morphological transformation of the reverse vesicles to cylinder was induced by the addition of sodium chloride. Authors reported that sodium chloride facilitated the weak interactions between the two lipids, which is attributed to the electrostatic interactions between Na + /Cl À ions and positive/negative charges on the lipid head groups. They also demonstrated that the curvature can be induced by the coassembly of a set of lecithins of unequal chain length which causes the morphological transformation in the presence of inorganic salts. Sánchez and co-workers reported the vesicular self-assembly from aryl triazole amphiphile A8 (Fig. 6 ) in acetonitrile. 30 The authors postulated that the formation of vesicular assembly by A8 might be due to the dimers formed by CH-p H-bonds involving the lateral naphthalene units. The dimers further assembled to produce the vesicular structures. Authors have also studied the disruption of morphology upon the binding of bromide anions.
Saha and co-workers synthesized and studied the selfassembly of amphiphilic hexaamide macrocycles A9 and A10 (Fig. 7) . 31 Interestingly, the authors observed open-shell and closed-shell assemblies depending upon the side groups. A9 formed closed-shell vesicles in THF, while A10 revealed the open-shell assembly. The difference in the self-assembly of A9 and A10 is attributed to the difference in their stacking patterns. and open/closed-shell vesicles of A9-A10 to nanotubes upon addition of acetic acid. These self-assembled structures were characterized by dynamic light scattering (DLS), scanning electron microscopy (SEM), TEM and AFM.
Calixarene-based molecules
Regen and co-workers reported vesicular assembly from calix [6] arene A11 (Fig. 8) . 32 Vesicle dispersion was observed by injecting a THF solution of A11 into water. Interestingly, vesicles were not observed when A12 was injected in the same way. The failure of vesicle formation from A12 might be due to the presence of tbutyl groups which prevented the formation of lamellar phase.
These results highlight the key role of geometry and molecular structure in dening the morphology of aggregates.
Tanaka and co-workers reported the vesicular assembly from calixarene derivatives A13 and A14 (Fig. 8) . 33 They demonstrated that the amphiphilic polyhydroxy macrocycles A13 and A14 formed vesicles in comparison to mono-alkyl phenol derivative A15.
The vesicles were prepared by injecting the solution of A13 or A14 in THF into a HEPES-Tris buffer solution (HEPES ¼ 2-[4-(hydroxyethyl)piperazine-1-yl]ethanesulfonic acid, Tris ¼ tris(hydroxymethyl)aminomethane) at 60 C. The stability of vesicles in water was checked aer two weeks by TEM and AFM. The authors conrmed the bilayer structures of A13 using differential scanning calorimetry (DSC) measurements and suggested that the vesicles were composed of unilamellar membranes. A15 formed micelle-like aggregates under the same condition. The failure of A15 to form vesicles revealed the importance of the cyclic structure in the formation of vesicles. Lee and co-workers reported the stimuli responsive nanocapsules from amphiphilic calixarenes A16-A17 (Fig. 9 ) in aqueous solution by varying pH or hydrophilic chain length of the molecules.
34 TEM images and DLS data of A16 and A17 revealed the sizes of vesicles as 200 nm and 35 nm respectively, which clearly indicated the effect of longer hydrophilic chains on self-assembly. TEM images showed a contrast between the periphery and the centre of the sphere supporting the hollow nature of vesicles. Interestingly, the transformation of vesicular structures of A16 to micellar structures was observed with the decrease in pH. They also reported that amphiphilic calixarene A18 (Fig. 9 35 These compounds formed vesicles of various sizes with a bilayered membrane in basic medium (0.1 N aq. ammonia). The authors also investigated the self-assembly of amphiphilic calix [4] arenes by varying the head group to trimethyl ammonium A20-A21 (Fig. 10) , which provided high water solubility with no aggregation. The formation of vesicles in A19 is attributed to the hydrogen bonding and absence of aggregation in A20-A21 is due to the ionic repulsion between the quaternary head groups.
Rémita and co-workers synthesized and studied the selfassembly of calix[6]arene A22 (Fig. 11 ) in water. 36 The calixarene was functionalized at the small rim by three imidazolyl arms and at the large rim by three hydrophilic sulfonate groups. They reported the stimuli responsive aggregation by introducing the imidazole group in the amphiphilic calix[6]arene A22. Formation of multi-lamellar vesicles of sizes about 50-250 nm at pH 7.8 was conrmed by using TEM, AFM and DLS. They also investigated the formation of giant vesicles with increase in pH and monodispersive vesicles (50 nm) at pH 6.5. Importantly, formation of micelles (25 nm) instead of vesicles has also been demonstrated in the presence of Ag + ions.
Jiang and co-workers have reported the self-assembling amphiphilic calix[6]crowns A23-A24 (Fig. 12) . They studied the self-assembling behavior in water : ethanol (1 : 3). 37 Authors have conrmed the formation of spherical aggregates in A23 and A24 using TEM and AFM. The hollow nature of vesicles was conrmed by TEM.
Based on the X-ray diffraction pattern, the authors proposed that the vesicles were formed from initially developed layered structures. The transformation of the A23 from vesicles to tubes by changing the composition to water : ethanol (2 : 3) was also demonstrated.
Curcubituril-based molecules
Kim and co-workers synthesized ternary complexes A25-A27 (Fig. 13) and demonstrated a remarkable example of a ternary complex A25, that self-assembled into vesicles. 38 Giant vesicles were formed spontaneously in a mixture of curcubit[8]uril, nalkyl viologen (RV), and dihydroxy naphthalene (DHNp) in water. The ternary complex was formed by charge-transfer interactions between the electron-decient and electron-rich guest molecules (RV 2+ and DHNp), inside the hydrophobic cavity of curcubiturils. Vesicles of diameter 20 nm to 1.2 mm were observed in A26 (R ¼ C 12 H 25 ) and A27 (R ¼ C 16 H 33 ). The vesicular structures were characterized by SEM and TEM. Kim and co-workers reported a new amphiphilic curcubit[6] uril complexes A28-A30 (Fig. 14) , that formed vesicles. Due to the strong affinity of these complexes towards polyamines A29-A30, the surface of the vesicles can be easily modied through host-guest interactions. 
Cyclodextrin-based molecules
Coleman and co-workers synthesized cyclodextrin derivatives A31 and A32 (Fig. 15 ) that self-assembled to form large vesicles. 40 Vesicles were observed in THF, and were conrmed by light scattering experiments and solution studies using 1 H NMR.
For the rst time, Darcy et al. synthesized non-ionic amphiphilic hydroxy alkylated cyclodextrin derivatives, which assembled to bilayer vesicles. 41 Cyclodextrin derivatives A33 and A34 (Fig. 15) , formed the vesicles in water upon sonication, with a diameter ranging from 50-300 nm as evident from electron micrographs and DLS. Vesicle formation of A33 and A34 was further conrmed by the encapsulation studies of uorescent dye carboxy-uorescein in aqueous solution. Chen and co-workers have described a novel strategy to make self-assembled vesicles. 42 Vesicles were made by sonicating an aqueous solution of cyclodextrin A35, 1-naphthylammonium chloride A36, and sodium bis(2-ethyl-1-hexyl)sulfosuccinate A37 (Fig. 15) . These vesicles and their sizes were characterized by TEM and DLS.
Hao and co-workers reported the preparation of vesicles in aqueous solution using b-cyclodextrin (b-CD) complexes with a series of aromatic molecules A39(a-d) (Fig. 16) . 43 Vesicles were obtained by injection of hydrophobic guest A39(a-d) in methanol into A38 (b-cyclodextrin) in water and were characterized by TEM, AFM and DLS.
Fullerene-based molecules
Tour and co-workers reported the synthesis and the supramolecular assembly of substituted C 60 (C 60 -N,N-dimethylpyrrolidinium iodide) A40. 44 Aqueous solution of A40 aer ultrasonication followed by ltration, showed vesicles as evident from TEM images. They suggested that the polar groups project towards the polar solvent (H 2 O) resulting in the formation of vesicles (Fig. 17) .
Rod-like structures were also observed when the solution of A40 in water and DMSO was mixed with benzene.
The synthesis of water soluble and stabilized potassium salt of pentaphenyl fullerene (Ph 5 C 60 K) A41 (Fig. 18) and their bilayer vesicles formation were demonstrated by Zhou and co-workers. 45 Formation of spherical bilayer vesicles was studied using laser light scattering experiments. The association of A41 in water resulted in the formation of spherical bilayer vesicles. The hollow nature of vesicles was demonstrated by microscopic measurements.
For the rst time, the spherical bilayer vesicle formation from a dendritic methano [60] fullerene octadeca-acid A42 (Fig. 18) with a co-surfactant tetradecyltrimethylammonium hydroxide (TTAOH) was reported by Hao and co-workers.
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Under normal conditions, TTAOH formed micelles in water, while addition of A42 induced the formation of vesicles. Vesicular structures were characterized by freeze-fracture transmission electron microscopy (FF-TEM) and DLS.
Martín and co-workers investigated the self-assembling behavior of dendro-fullerenes containing triazoles with varying number of carboxylic groups A43-A44 (Fig. 19 ) in THF and THF : water mixture. 47 Interestingly, vesicles were observed in A43, but not in the case of A44.
This behavior of A44 was explained based on the fact that the presence of bigger hydrophilic parts in fullerene moiety would prevent the formation of spherical aggregates. Vesicles were characterized by SEM and AFM, and their hollow nature was conrmed by TEM.
Polymer-based molecules
Deming and co-workers reported the synthesis and selfassembly of a series of charged poly(L-lysine)-b-poly(L-leucine) block copolypeptides A45 (Fig. 20) (K x L y : x ranged from 20-80 and y from 10-30 residues). 48 Among the charged amphiphilic block co-polypeptides, A45 (K 60 L 20 ) showed vesicular assembly in aqueous solution and was characterized by differential interference contrast optical microscopy (DIC), laser scanning confocal microscopy (LSCM) and TEM. Similarly charged polyarginine segments in block copolypeptides A46 showed vesicular assembly (Fig. 20) . 49 Lee and co-workers reported the synthesis and self-assembly of an amphiphilic rod-coil molecule A47 containing tetra(pphenylene) and oligo(ethylene oxide) along with a mannose terminal unit (Fig. 21 ) in aqueous solutions. Hest and co-workers reported an unprecedented vesicular assembly from amphiphilic polystyrene-block-poly(acrylic acid) (PS-b-PAA) containing azide groups at periphery A48 (Fig. 22) .
51
The vesicular structures were obtained on slow addition of water to the solution of block copolymer in dioxane followed by the removal of organic solvent by extensive dialysis against water. Interestingly, when azide polymersomes were further functionalized using 'click' reaction to yield A49 (Fig. 22) , no change in the morphology was observed. Schlaad and co-workers studied the aggregation behavior of polybutadiene 165 -block-poly(L-lysine) 88 (PB 165 -b-PLLys 88 ) A50 (Fig. 23) in saline solution.
52 Larger vesicles at pH 7.0 and smaller vesicles at pH 10.3 were obtained as characterized by TEM and DLS. Change in size of vesicles with pH is due to colloidal stabilization in basic solutions.
Meier and co-workers synthesized and studied the self-assembly of a poly(2-methyloxazoline)-block-poly(dimethylsiloxane)-blockpoly(2-methyloxazoline), (PMOXA-PDMS-PMOXA) triblock copolymer A51 (Fig. 24 ) carrying polymerizable methacrylate groups at both the ends. 53 The vesicular structures observed from polymer, PMOXA-PDMS-PMOXA A51 and their polymerized counterparts in aqueous solution were characterized by SEM, TEM, DLS and static light scattering (SLS) techniques. The authors also reported vesicles from similar type of charged triblock copolymer poly(2,2-dimethylaminoethyl methacrylate)-block-poly(n-butyl methacrylate)-block-poly(2,2-dimethylaminoethyl methacrylate) (PDMAEMA-PBMA-PDMAEMA) A52 (Fig. 24) . 54 Ghosh et al. reported self-assembly of the copolymer A53 (Fig. 25 ) in aqueous solution.
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This polymer contains methacrylate-type hydrophobic and methacrylamide-type hydrophilic repeat units. The vesicular structures were characterized by TEM and dye encapsulation studies. The authors also demonstrated the morphological transition of A53 from vesicles to micelle aggregates above its critical morphology transition temperature (CMTT). In the succeeding year, same group demonstrated the pH-responsive vesicular assembly with acid-labile amphiphilic triblock copolymer A54 (Fig. 25) . 56 
Peptide-based molecules
Bergeron and co-workers investigated the self-assembling properties of a series of peptide-based molecules A55-A62 (Fig. 26) . 57 Among all diketopiperazine derivatives, microcapsules were only observed from the basic solutions of tetrapeptides derived from L-aspartic acid diketopiperazines A57 and A58, when acidied to pH ¼ 2.4. Based on the results from A57 and A58, authors have established that methylene chain length have an impact on the morphology. The authors have also shown that even small structural alteration can cause the drastic change in the physiochemical properties of these tetrapeptides.
Gazit and co-workers studied the self-assembly of diphenylalanine dipeptide (Phe-Phe, FF) A63 (Fig. 27) , the core motif of Alzheimer's b-amyloid polypeptide. 58 An interesting morphological transition was observed when phenyl glycine (Phg) was used instead of Phe. They have demonstrated that Phe-Phe A63 self-assembled into nanotubes, whereas Phg-Phg A64 formed spherical vesicles under similar conditions, and is attributed to constrained rotational freedom and higher steric hindrances of Phg in A64. Further, the morphological transitions from nanotube to vesicle was observed when the dipeptide Phe-Phe was linked with a cysteine residue at the N-terminus A65 (Fig. 27) . These fascinating results were explained by a model based on hydrogen bonding, aromatic p-p interactions and the disulde bridge formation.
In the later years, Gazit, Verma and co-workers explored the use of molecules with the triskelial architecture (Fig. 28) . 59 They designed and synthesized tripodal triskelion ditryptophan conjugate A66 that self-assembled into spherical nanostructures in methanol : water mixture. MM + -optimized structure conrmed the existence of slight curvature in the triskelial architecture, which coupled with p-p interactions of indole moieties, led to the formation of vesicular structures. They also demonstrated the guest entrapment in triskelion nanocages.
In an earlier work, Gokel and co-workers designed and synthesized a variety of indole-based lipidated molecules that formed vesicular assembly. 60 Lee and co-workers synthesized and studied the selfassembly of peptides A67-A70 (Fig. 29) , composed of a polyproline and a hydrophilic cell-penetrating peptide Tat coil.
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Vesicular structures from A67-A70 were characterized by TEM, and authors hypothesized that the rigidity of the polyproline helix allowed the separation of hydrophobic rod and the hydrophilic peptide coil, which helped to form self-assembled nanocapsules. These nanocapsules were demonstrated to cross the membrane barrier of the cell.
In the later years, the morphological transition from nanotubes to vesicles were reported by Li and co-workers. 62 They have observed the self-assembled nanotubes of cationic dipeptide NH 2 -Phe-Phe-NH 2 $HCl A71 at physiological pH ¼ 7.2 that transformed into vesicles upon dilution (Fig. 29) . The authors also demonstrated that these self-assembled nanotubes could be used to deliver the oligonucleotides to interior of the cell and hence, can be used as drug delivery vehicles.
Alfonso and Luis et al., in 2010, synthesized and studied a series of pseudopeptidic macrocycles A72-A78 (Fig. 30 ) both in solid (SEM, TEM, FTIR) and solution (NMR, UV, CD, FTIR) 
states.
63 Samples were prepared in methanol : chloroform (9 : 1) and compounds A72-A77 self-assembled into bers.
Interestingly, when benzyl groups were introduced as side chains, the meta derivative of cyclic peptide A78 self-assembled to form the spherical structures with diameters ranging from 0.5-3 mm. From these observations, the authors hypothesized that the vesicles were formed due to the synergistic action of pp interactions and H-bonding between amide bonds. The hollow nature of the vesicles from A78 was conrmed by TEM analysis.
Banerjee and co-workers reported the self-assembling behavior of dipeptides A79-A81 (Fig. 31) containing glutamic acid residues at the C-terminus. 64 These dipeptides A79-A81
formed multi-vesicular structures in water and were stable over a wide range of pH. However, rupturing of vesicles in presence of calcium ions revealed their sensitivity towards these metal ions.
The authors have also demonstrated the encapsulation of anti-cancer drug and their release in the presence of calcium ions. Transport of cyclic adenosine monophosphate (cAM) across the cell membrane by multi-vesicular structures was reported, without altering their biological functions.
Lim and co-workers designed and synthesized a series of structurally similar cyclic and linear peptides A82-A83 (Fig. 32  and 33 ) to study the effect of peptide topology on the self- assembly. 65 Cyclic peptide A82 formed homogeneous population of spherical assembly because of their constrained structure, whereas linear peptide A83 (Fig. 33) showed irregular nano-aggregates.
Pramanik and co-workers synthesized a set of tripeptides A84-A85 (Fig. 33) . The C-termini of the peptides were protected with methyl ester of m-aminobenzoic acid and N-termini with Boc group. The self-assembly of these tripeptides were studied in different solvents.
66 Vesicular assembly was observed from peptides A84 and A85 in methanol. They reported a variety of supramolecular structures from these peptides such as nanotubes, giant microvesicles and macroporous vesicles depending upon the polarity of solvent system employed. These nanostructures were characterized by several microscopic techniques.
Our group has designed and synthesized a series of selfassembling peptide-triazole hybrid macrocycles A86-A88 (Fig. 34) . The disulphide-based 2 + 2 macrocycle A86 selfassembled to form the vesicles, while the smaller macrocycle (1 + 1) showed amyloid-type assembly.
67
The ditriazole macrocycles A87-A88 (Fig. 34 ) also showed the vesicular morphology.
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We further extended our investigation to another set of triazolophanes A89-A91 (Fig. 35 ) in order to gain a deep insight into the mechanism of vesicular assembly. Interestingly, the concentration dependent morphological analysis showed the hierarchical mechanism of vesicular self-assembly.
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A detailed ultramicroscopic analysis and crystallographic investigation supported the formation of vesicles through the intermediacy of toroids.
Recently, we have reported the vesicular self-assembly from a series of acyclic hybrid peptide molecules A92-A94 (Fig. 36) . The control compound A95 (Fig. 36) , which structurally resembles half of the molecules A92-A94, showed the tubular morphology. 70 This demonstrated that the topological curvature in A92-A94 complemented with extensive interactions assisted the formation of vesicles, while the tubular morphology in A95 is attributed to the lack of curvature.
Our group has also reported the vesicular self-assembled structures from an interesting class of tryptophan (Trp) containing peptide-based systems A96-A98 (Fig. 37) . 71 The hollow nature of vesicles was conrmed by dye encapsulation as monitored through confocal microscopy and steady-state uo-rescence data. The vesicles formed by A97 showed an amazing tendency to penetrate the cell-membrane underscoring the importance of Trp units. 
Dendrimer-based molecules
Wang and co-workers have reported so vesicles from diblock codendrimer A99 (Fig. 38) , which is composed of two blocks of monodendrons. 72 One monodendron is poly(benzyl ether) (g3-PBE) based on 3,5-dihydroxybenzyl alcohol, while the other is aliphatic polyether monodendron based on methallyl dichloride (g3-PMDC). The self-assembling studies were carried out in 1 : 1 solvent mixture of tetrahydrofuran : diisopropylether. Vesicular aggregates were observed using tapping mode AFM imaging and the average sizes reported were about 150 nm.
Percec and co-workers studied the preparation and properties of dendrimersomes from a library of Janus-dendrimers A100-A108 (Fig. 39 ), which were composed of two distinct building blocks. 73 The vesicular structures were observed, when the dilute solutions of Janus-dendrimers in THF : EtOH were dispersed in water.
Our group has designed and synthesized a series of lysine amino acid-based dendrons A109-A110 (Fig. 40) . These dendrons showed vesicular assembly as evident from SEM, TEM and AFM microscopic images. 74 The increase in concentration of these dendrons led to the formation of gels with bril morphology. These bres were formed as a result of fusion of the vesicles as demonstrated by TEM and AFM images. We have also reported the triazole containing urea-cored peptide dendrimers A111-A113 (Fig. 41) . These dendrimers self-assembled to form the vesicles of diameter 0.5-2.0 mM as evident from SEM, TEM and AFM. 75 The molecular dynamics simulation further supported the vesicular assembly of these dendrimers. Interestingly, the corresponding non-triazole ureacored dendrimers did not form the vesicular assembly, rather bril morphology was obtained. This highlights the key role of triazole units in governing the vesicular self-assembly.
Aromatic lipidated molecules
Ajayaghosh and co-workers have reported the vesicular structures from an unprecedented self-assembly of tripodal squaraine dye in acetonitrile A114 (Fig. 42) . 76 For the rst time, authors reported the vesicular assembly of squaraine-based compound. The hollow nature of the spherical vesicles was conrmed by TEM images, which clearly showed the contrast between the periphery and inner part of the sphere. The authors demonstrated the transformation of hollow spherical structures to helices upon binding with Ca 2+ or Mg 2+ . This was the rst proposed example of cation induced transformation from spherical assemblies to helical structures. In the same year, authors reported the vesicular assembly from short oligo(pphenyleneethynylene) molecules A115-A116 (Fig. 43 ) in decane. 77 Interestingly, the increase in concentration induced the fusion of vesicles leading to the formation of gel. Li and co-workers synthesized and studied the vesicular selfassembly from lipidated aromatic derivatives A117-A119 (Fig. 44) by incorporating aromatic residues for p-p stacking, amide moieties for intermolecular hydrogen bonding and van der Waals interaction inducing long aliphatic chains. 78 The selfassembly of A117-A119 was studied in hot methanol, due to their low solubility in methanol at room temperature. The vesicles were characterized by SEM, TEM and AFM and their sizes were found to be 1.2-5 mm. The hollow nature of vesicles was conrmed by TEM and encapsulation studies using uo-rescent dye Rhodamine B.
Li and co-workers also reported a series of lipidated molecules A120-A121 and studied their self-assembly (Fig. 45) . 79 The lipidated cyclophane A120 formed spherical vesicles in chloroform and were characterized by SEM, TEM and AFM. Based on the diameters of the macrocyclic framework and vesicles, authors have proposed that vesicles are formed as a result of stacking of macrocycles.
Interestingly, A121 did not form the vesicular aggregates in chloroform which indicated the important role of the cooperativity in stacking of aromatic segments of A120.
Zheng and co-workers reported the synthesis and selfassembly of tetraphenylethylene-based amide macrocycles A122-A123 (Fig. 46) . 80 The self-assembly of A122 and A123 were studied in different ratios of H 2 O : THF mixture. It was reported that A123 formed microtubes in water : THF mixture when water content was 70-80%, and hollow microspheres when water content increased upto 90% as demonstrated by FE-SEM and TEM.
Recently, our group has reported the synthesis and selfassembly of serine and threonine-based aromatic lipidated cyclic as well as acyclic compounds A124-A128 (Fig. 47) . The serine-based macrocycle A124 and acyclic compound A126 did not show the vesicular assembly but corresponding threonine derivatives A125 and A127 readily formed the vesicles in methanol at 1 mM concentration. However, when non-planarity is introduced in the serine-based macrocycle by incorporating the biphenyl spacer unit into it (A128), it showed the vesicular morphology as demonstrated by SEM, HR-TEM and AFM images. 81 This underscores the signicance of conformation in achieving the vesicular assembly.
Conclusions
This review highlights recent examples of vesicle forming molecules. The wide range of molecules discussed here, opens up avenues for newer molecular design. The broad range of conditions such as different organic and aqueous media expands the scope of its applications in chemistry, biology and material science. The use of vesicles for encapsulation of drugs further expands its applications in the eld of medical sciences. In addition to these applications, vesicles are considered as protocell model and hence, are useful in studies related to 'origin of life'.
